ABSTRACT. A grid-based storm runoff model in a variable
flow, while the remainder of the watershed acts mainly as a reservoir during storms to provide baseflow and to maintain the wet areas that will produce subsequent storm runoff. This is especially true for well-vegetated watersheds in the northeastern United States, in which shallow and sloping soils predominate and for which the hydraulic conductivity of soils exceeds rainfall intensity by several fold (Kuo et al., 1999) . A GIS can help to apportion storm runoff between the various flowpaths associated with source areas on slopes.
Recently, several researchers have attempted to model the rainfall-runoff processes with GIS. GIS has proven to be an efficient tool for spatial analyses by visualizing the results of hydrologic and water quality modeling. Allen (1987) developed SWHAM (Small Watershed Hydrologic Analysis Model) using a GIS. This overland flow model is composed of a one-dimensional groundwater hydrologic model and a stream flow model. Input data were extracted from soil, land use/cover, and contour maps. Stuebe and Johnston (1990) applied GIS to all phases of the SCS (Soil Conservation Service) modeling processes, including watershed delineation and runoff routing, to estimate the outlet runoff volume. Stuebe and Johnston's work demonstrated the use of GRASS to estimate runoff using the SCS runoff Curve Number Model. Famiglietti (1992) used grid data extracted from a GIS to develop a model with grid-based water balance and flow equations. Zollweg (1994) developed SMoRMod (Soil Moisture-based Runoff Model) using a series of GRASS commands. The model is grid-based and composed of a daily soil moisture balance and sub-routines that calculate runoff generation and transport at 30-minute intervals. The initial conditions for the runoff generation are A provided by the daily soil moisture balance. However, the model has a tendency to over-or under-predict the recession part of hydrographs. Savabi et al. (1995) used GRASS to obtain the WEPP (Water Erosion Prediction Project) model's input parameters. Frankenberger (1996) and Frankenberger et al. (1999) modified Zollweg's GIS-Based Variable Source Area Model using GRASS. The model, written in UNIX-shell script, predicts daily soil moisture and runoff based on a water balance for shallow soils.
It is evident that during the past decade, distributed modeling of surface and subsurface hydrology has become computational, primarily because of the capability of GIS to handle spatial data. Some studies have been conducted by coupling GIS with distributed models within GIS software, called tight coupling (Stuart and Stocks, 1993) . This is an embedded system where the GIS and models rely on a single data manager. It makes the processes clear for the user to understand and modify for different conditions. On the other hand, extensive progress has been made in managing distributed models outside GIS, referred to as loose coupling (Goodchild, 1993; Nyerges, 1993) . This makes the model flexible and portable to another GIS software.
In this article, a grid-based subsurface and saturation overland/stream flow generation procedure is described. This approach predicts the temporal variation and spatial distribution of overland flow depth, discharge, and soil moisture during a storm event. The applicability of the procedure and its modification of the original surface and subsurface kinematic modeling approach by Takasao and Shiiba (1988) are also described. The model, coded in UNIX-C language, runs in GRASS (U.S. Army CERL, 1993) and uses regular gridded data such as elevation, stream, land use, and soil information. The data used for this study were previously developed and described in Frankenberger (1996) . The spatial results are displayed in GRASS.
MODEL DESCRIPTION SATURATION OVERLAND/STREAM FLOW AND SUBSURFACE FLOW MODEL
Storm runoff in the northeastern United States, where the land surface is well vegetated, originates mainly from saturated areas (Dunne and Black, 1970) . Saturated areas often form where lateral subsurface flows converge, slopes change, or where depth to the restricting layer decreases (Frankenberger, 1996) . The amount of storm runoff is directly related to the magnitude of the saturated areas.
In order to model the formation of variable source areas, we adopted the combined surface-subsurface kinematic modeling approach (Takasao and Shiiba, 1988) . The continuity equation applied to each grid element can be written as: 
The flow areas for subsurface and saturation overland/stream flow are: 
where K e = saturated hydraulic conductivity (m/sec) β = grid element slope (degree) m = 5/3 for overland flow as shallow sheet flow (R h = H) and 4/3 for stream flow α = n -1 W c -2/3 tan 1/2 β for overland flow and n -1 γ 2/3 tan 1/2 β for stream flow n = Manning's roughness coefficient γ = R h A f -1/2 (Moore and Foster, 1990; Moore and Burch, 1986 ) R h = hydraulic radius. The schematic representation of the flow system is shown in figure 1. The finite difference form of equation 1 is expressed as:
where ∆t = time interval A 1 , A 3 = flow area at time t at the inlet and outlet of the grid element, respectively A 2 , A 4 = flow area at time t + ∆t at the inlet and outlet of the grid element, respectively Q 2 , Q 4 = discharge at time t + ∆t at the inlet and outlet of the grid element, respectively. To solve equation 7, the four-point implicit scheme developed by Brakensiek (1967) was adopted. The equation was rearranged to solve for flow depth (H), and the NewtonRaphson method (Johnson and Riess, 1982) calculate it at the outlet of the grid element after a given time interval.
INITIAL AND BOUNDARY FLOW DEPTH CONDITIONS OF VARIOUS SHALLOW SOIL DEPTHS
The spatial distribution of initial flow depths in a watershed can be obtained from soil information describing porosity, field capacity, and initial soil moisture conditions. The initial flow depth (H i ) for each grid element can be calculated by: 
where SM i = initial soil moisture content in grid element (m 3 /m 3 ) P e = effective porosity in grid element (m 3 /m 3 ) F c = field capacity in grid element (m 3 /m 3 ). Because each grid element has a unique flow depth value, there exist two boundary values of flow depth between the neighboring grid elements. To remove a discontinuity in flow depth, a linear interpolation is used to obtain one flow depth at each grid element boundary.
In the case of changes in soil depth between grid elements ( fig. 2) , the boundary flow depth can be calculated as follows, and the interpolated value at the boundary was used:
(10)
where At the watershed boundary, flow depth conditions at the outer boundary of the grid element are assumed zero.
OVERLAND FLOW PATTERN CLASSFICATION AND STREAM FLOW
We can choose a 3 × 3 grid filter to determine flow direction. First, the flow direction from the center grid element is determined by identifying the steepest slope to the eight neighboring grid elements. The direction of steepest descent downhill, numbering 1 to 8 to the center grid element, eventually generates flow direction. Second, the subsurface/surface flow depth at the outlet of the center grid is calculated by equation 7 for a given time increment. Third, the water of the grid element flows in the steepest direction. This means that a single output flowpath is chosen, but the inflow to a grid element can come from multiple sources. To deal with multiple inlets, the eight neighboring grid elements are treated as inflow only if the flow direction number among them matches the already-determined flow direction grid. If overland flows drain into a stream, then they are treated as lateral flow to the stream.
The flow condition in a grid element can be classified into four types, and the following equations are derived from equation 7. The first type ( fig. 3A) is subsurface flow at both inlet and outlet of the grid element as follows:
where H 1 , H 3 = flow depth at time t at the inlet and outlet of the grid element, respectively H 2 , H 4 = flow depth at time t + ∆t at the inlet and outlet of the grid element, respectively. The second type ( fig. 3B ) is saturated overland flow, that is, surface flow conditions at both inlet and outlet, as follows: 
The third type ( fig. 3C ) is a sink, that is, surface flow at the inlet and subsurface flow at the outlet. The last type ( fig. 3D ) is a source, that is, subsurface flow at the inlet and surface flow at the outlet. The last two cases cause a numerical divergence because of different flow conditions at the inlet and outlet of the grid element. Thus, in the third case, the flow depth at the inlet of the grid element was assumed to be equal to soil depth (D c ) and solved by equation 13. In the fourth case, the starting point of surface flow within a grid element was linearly interpolated using the inlet flow depth (H 1 ) and outlet grid depth (H 3 ) and solved by equation 14. The flow condition is checked by comparing soil depth and flow depth of the previous time step at both inlet and outlet boundaries of grid element. The stream flow is as follows: 
MODEL STRUCTURE AND IMPLEMENTATION
A schematic flow diagram of the GRISTORM model is shown in figure 4 . As input data to the model, the seven GRASS regular gridded maps, consisting of elevation, stream, land use, soil type, porosity, field capacity, and initial soil moisture condition, are prepared. They are converted into ASCII-formatted map data using the GRASS command r.out.ascii. The model uses this data to generate discharge, flow depth, and soil moisture at each grid element outlet for a given time interval. In this study, the time step was 30 seconds, which was chosen because it is a sufficiently short interval not to exhaust all of the water in the grid element. Stream flow at the watershed outlet and ASCII-formatted discharge maps, flow depth maps, and soil moisture maps were generated for 10-minute intervals. The ASCII-formatted map data were converted into the GRASS maps using the GRASS command r.in.ascii.
WATERSHED, SOILS, LAND USE, AND STORM EVENTS
The model was tested in the Crowe Road watershed located in the Northern Catskill region of New York State. The watershed area is 170 ha and the elevation ranges from 580 m to 732 m. The latitude is approximately 42° 30′. The climate can be characterized as northern humid continental. The soil classification and parameters developed by Frankenberger (1996) were adopted. The watershed soils were classified as Inceptisols or Entisols, and details are shown in figure  5 . The surface layer of most soils is shallow and permeable with a high percentage of rock fragments. Soil depths ranged from 25 cm to 150 cm, and the percentage of rock fragments was between 10% and 40%. The impeding layers are composed of bedrock, fragipan, and clay. The average measured saturated hydraulic conductivity in the surface layer was 2 m/ day, slightly higher than the permeability range (0.4 to 1.2 m/ day for all soils) of the soil survey (Frankenberger et al., 1999) . Average porosity and field capacity values without rocks are 0.6 and 0.37, respectively. Land use for the watershed, as described by Frankenberger (1996) , is shown in figure 6 .
Precipitation and watershed outlet stream flow data were measured at 10-minute intervals by the New York State Department of Environmental Conservation. Six storm events from July and August, 1994, were chosen for model calibration and verification.
MAP DATA FROM GRASS
Elevation data were obtained from a U.S. Geological Survey quadrangle vector map of scanned 20-foot interval contour lines. Stream locations were obtained from maps supplied by the New York City Department of Environmental Protection. The soil map was rasterized to a 10 m grid size from the vector files supplied by the NRCS (Natural Resources Conservation Service). The land-use map was obtained from the NRCS and was updated from an aerial photograph and from conversations with farmers. These base maps adopted from Frankenberger (1996) have a 10 m × 10 m grid element. Soil parameters were obtained from Frankenberger (1996) . Daily soil moisture distribution maps generated by Frankenberger's Soil Moisture Routing (SMR) model were used as the initial soil moisture conditions for the selected storm events. 
COMPARING PREDICTED AND OBSERVED STREAMFLOW AT THE WATERSHED OUTLET

Model Calibration
The distributed nature of models complicates proper testing and validation because the detail information provided by the model is often much greater than that measured in the catchment (Grayson et al., 1995) . GRISTORM was calibrated using the stream flows at the watershed outlet, but this was an incomplete calibration due to a lack of spatial measurements of hydrologic quantities. Frankenberger (1996) described her model results for soil moisture and found they were most accurate for the summer period, from 1 May to 15 November, 1994. The initial soil moisture conditions used in this study were based on the results of Frankenberger's Soil Moisture Routing (SMR) model. Three storm events (2 July, 22 July, and 18 August, 1994) were selected for calibration. Table 1 shows the calibrated parameters for the three storm events. The maximum intensity and duration of the 2 July, 22 July, and 18 August storms were 38.6 mm/hr and 2.17 hours, 53.2 mm/hr and 1.17 hours, 54.8 mm/hr and 5.17 hours, respectively. The first two events had dry initial soil moisture conditions, and the last event had wet initial conditions due to rainfall on the previous day. The previous day's soil moisture distribution maps from Frankenberger's model were originally chosen as the initial soil moisture conditions for the storm events. However, the results were adjusted in this study because the simulated soil moisture distribution was the result of daily soil moisture routing that did not include adjustment for rainfall that occurred within a day. To simplify the calibration, the adjustment of initial soil moisture conditions was accomplished by categorizing the watershed's 11 soil types into 2 groups: stony and silt loam. A constant initial soil moisture adjustment factor was multiplied by the digital numbers of Frankenberger's soil moisture distribution map. The factor ranged from 0.520 for stony soils during the 22 July storm to 1.072 for silt loam soils during the 2 July storm, as shown in table 1. To apply Manning's equation in this study, the pond in the middle of the watershed was simply treated as a stream having very gentle slopes. Figure 7 shows the observed versus predicted stream flow at the watershed outlet for the 2 July storm. The predicted runoff agreed well with the observed values, but the total runoff was underestimated for the three events, as summarized in table 1. Predicted runoff decreased rapidly at the falling limb for the 22 July and 18 August storms, but it decreased slowly at the baseflow recession for all storm events. This error may be caused by the scale-based parameterization of grid element processes with the undefined complexity of local heterogeneity and simplification of subsurface flow representation in the model. Preferential flow through macropores in the soil can contribute to stream flow as a subsurface lateral flow. Other sources of error may arise from the uncertainty of initial soil moisture condition and lumped parameters within each 10 m × 10 m grid element.
Sensitivity Analysis
To examine the effect of model parameters on simulation output, sensitivity analysis was conducted for the 2 July storm. The calibrated parameters [Manning's roughness coefficients (MRC), hydraulic conductivity (HC), and initial soil moisture adjustment ratio (ISMAR)] from table 1 were used as base values. eter, while keeping other parameters at the base value. The values in the legends are the multiplication ratios for the corresponding parameters. Initial soil moisture distribution before a storm event ( fig. 8C ) proved to be the most sensitive parameter affecting the magnitude of peak discharge and total runoff within the capacity of soil moisture. The peak discharges for 0.9, 1.0, 1.05, 1.10, and 1.25 ISMAR were 0.170, 0.235, 0.828, 0.993, and 1.019 m 3 /sec, and the total runoff was 0.67, 1.64, 5.35, 6.09, and 6.29 mm, respectively. Manning's roughness coefficients for stream, forest, and grass/alfalfa were the second most sensitive parameters. The time of peak discharge moved from 0:40 hr to 1:24 hr as MRC of stream increased ( fig. 8A ). The peak discharges for 0.5, 0.75, 1.0, 1.5, and 2.0 MRC were 0.322, 0.268, 0.235, 0.262, and 0.263 m 3 /sec, and the total runoff was 1.70, 1.63, 1.64, 1.55, and 1.52 mm, respectively.
MRC for forest and grass/alfalfa affected the magnitude of peak discharge and total runoff the most. The time of peak discharge moved from 1:04 hr to 0:24 hr as MRC of forest increased. The peak discharges for 0.5, 0.75, 1.0, 1.5, and 2.0 MRC of forest were 0.363, 0.275, 0.235, 0.241, and 0.237 m 3 /sec, and the total runoff was 2.20, 1.81, 1.64, 1.54, and 1.42 mm, respectively. The discharge decreased as MRC for forest increased. The peak discharges for 0.5, 0.75, 1.0, 1.5, and 2.0 MRC of grass/alfalfa were 0.236, 0.225, 0.235, 0.300, and 0.337 m 3 /sec, and the total runoff was 1.76, 1.64, 1.64, 1.83, and 1.96 mm, respectively.
Note that the discharge increased as MRC for grass/alfalfa increased. Because this area is near the stream and has high initial soil moisture contents, the condition of overland flow is reached rapidly and drained to the stream without causing a time lag. MRC for corn and farmstead also affected the shape of the hydrograph depending on the areal portion of watershed.
Saturated hydraulic conductivity had little effect compared with other parameters (fig. 8B ). This is due to the time scale of a storm event. Subsurface lateral flow should be a key component for long-term soil moisture routing in the water balance, but not for short-term storm runoff simulation. From the results of sensitivity analysis, we can conclude that ISMAR estimates water balance for the storm event to some extent, and then MRC and HC influence the peak time and rising and falling limbs of the hydrograph.
Model Verification
The model was verified using the average value of calibrated parameters from table 1 (except the initial soil moisture adjustment factor, which differs for each storm-event/soil-group combination) to predict stream flows at the watershed outlet for three other summer storms (14 August, 17 August, and 21 August, 1994). The maximum intensity and duration of the 14 August, 17 August, and 21 August storms were 35.3 mm/hr and 9.17 hours, 8.2 mm/ hr and 5.33 hours, and 40.1 mm/hr and 2.0 hours, respectively. The adjustment factor for initial soil moisture ranged from 1.066 for stony soil during the 21 August storm, to 1.230 for silt loam soil during the 14 August storm. The predicted outlet stream flows for the three storms were compared with observed values. Figure 9 shows the observed versus predicted stream flow at the watershed outlet for the 14 August storm. A summary of model verification is given in table 2. The average Nash-Sutcliffe efficiency R 2 (Nash and Sutcliffe, 1970) for the model was 0.72. Despite the verification of the model, many sources of uncertainty exist in the predictions of the variable source area storm runoff model. Beven and Binley (1992) listed other potential sources of error in hydrologic modeling, such as deficiency of model structure, input data or boundary condition errors, and errors associated with measurements used in model calibration. 
TEMPORAL VARIATION AND SPATIAL DISTRIBUTION OF SATURATION OVERLAND FLOW
Knowing only the stream flow at the watershed outlet, we cannot determine where the overland flow originated and how much water each source area contributed. GIS can be used to simulate this information. This is important in investigating the loss of soil due to erosion and the transport of non-point source pollutants. Figure 10 and figure 11 show the predicted temporal and spatial distribution of saturated overland flow discharges and flow depths for the 2 July storm. After the storm started at 23:24 hr, the overland flow areas initially occurred around the areas of the main stream that formed saturated areas. These areas had mild slopes, shallow soil depths, and higher initial soil moisture content than other areas. Topographic convergence caused more lateral inflow than outflow. Soils in these areas are composed of Norchip silt loam (No), Onteora channery silt loam (Oe), Torull-Gretor complex (Te), and Willowemoc channery silt loam(Wm), as shown in figure 5 . Soil moisture contents in these areas before the storm ( fig. 12) were originally over 0.4 cm 3 /cm 3 , while the other areas were under 0.4 cm 3 /cm 3 . The source area for overland flow increased from the start of rainfall until 23:54 hr and decreased gradually after that time. However, the peak flow was reached at 0:40 hr, as shown in figure 7 . This shows that the overland/subsurface flows delayed the transport of water to the watershed outlet, causing a time lag. The other storm events showed results similar to the 2 July storm event. Quinn et al. (1995) described the importance of grid resolution for the validation of spatial model prediction. They discussed the effect of the grid element size on the TOPMODEL (Beven and Kirkby, 1979) parameter, ln(a/tanβ) and model results. Refsgaard (1997) suggested the methodologies for the validation of new distributed models. He mentioned that multi-site runoff, soil moisture, or groundwater heads in a watershed should be measured and compared with the simulated ones for successful model validation. Even though this study did not sufficiently fulfill the distributed model's verification requirements in the manner of spatial verification, temporal calibration and verification with six storm events was performed by grouping and adjusting saturated hydraulic conductivity and initial soil moisture content.
SPATIAL EFFECT OF CHANGING GRID ELEMENT SIZE
A spatial test of the model behavior by changing grid element size to 20, 30, and 40 m was conducted. In spatial aggregation, the values of the grid elements for continuous data, such as digital elevation models (DEMs) and three soil parameters, were averaged, while the most common value of the grid elements was selected for categorical data, such as soil, land use, and stream. New DEMs for 10, 20, 30, and 40 m grid elements are shown in figure 13A , B, C, and D, respectively. The slope distribution for each DEM is shown in figure 14A , B, C, and D. The average slopes were 8.11°, 7.81°, 7.76°, and 8.15°, respectively. The results show the deterioration of slope distribution and the losses of boundary N 500 meters information with increasing grid element size. Recently, Kuo et al. (1999) suggested a new spatial aggregation method for border cells to conserve information inside the true boundary by considering the proportion of the border cell that is within the watershed. Model errors introduced by aggregation of spatial data may be reduced if the method by Kuo et al. (1999) is adopted. Because this study is not focused on the scaling effect toward macroscale hydrological modeling, the adjustment for border cells was not included.
Two parameters (saturated hydraulic conductivity and initial soil moisture adjustment ratio) were adjusted to fit to the observed flow while other parameters remain unchanged. This is because the smoothed slope from areal averaging clearly affects the subsurface flow velocity, and as described earlier in the model calibration section, the change in initial soil moisture distribution also affects the model result. Figure 15 shows the effect of changing grid element size on the prediction of 2 July stream flow at the watershed outlet. The calibrated saturated hydraulic conductivities for 20, 30, and 40 m grid elements were 580, 500, and 300 times greater than that for 10 m grid elements. The initial soil moisture adjustment ratios in stony and silt loam soils for 20, 30 and 40 m grid elements were calibrated as 0.951 and 0.958, 0.966 and 0.972, and 1.266 and 1.272, respectively. The need for soil moisture-related parameter adjustment can be explained by the fact that larger cells require higher initial soil moisture to account for subsurface flow. Figure 16 shows the spatial effect of changing grid element size on the flow depth distribution for the 2 July storm at 0:40 hr. The overland flow areas for 20 and 30 m grid elements occurred just around the areas of the main stream, while those for 10 m grid elements occurred over the entire watershed. This is because the increased subsurface flow velocity cannot afford to produce the saturated overland flow in upland areas. The well-drained flow reaches the areas that have mild slope and higher initial soil moisture content, and this forms the saturated overland flow. The 40 m grid element did not give a reasonable result, as shown in figure 15 and figure 16D . The source areas were randomly distributed in the watershed. From this result, we may deduce that the surface runoff that occurred in the grid elements could not be drained properly because of the smoother slope. The saturated hydraulic conductivity and the initial soil moisture condition exceeded the limit in controlling the water balance of the grid element. The adjustment of Manning's roughness coefficients for overland areas could improve the simulation result, but the calibrated values might be unrealistic to accept in a reasonable manner.
CONCLUSION
A grid-based storm runoff model was developed. This model generates the flow depth, discharge, soil moisture of subsurface flow, and saturated overland flow on a variable source area with shallow soil depths. The model uses regular gridded ASCII-formatted data from GRASS to predict the temporal variation and spatial distribution of saturation overland flow areas.
The model was tested in a small watershed located in the Northern Catskill region of New York State using GIS data with 10 m × 10 m grid size. The most sensitive parameter was the initial soil moisture distribution affecting the water balance for the storm event. The second most sensitive parameter was Manning's roughness coefficients for overland areas and streams affecting peak time and the ascending and descending phase of the hydrograph. For model calibration and verification, the observed stream flows measured at the watershed outlet were compared with values predicted by the model. The initial soil moisture conditions for the storm events were adopted from the previous day's soil moisture distribution maps by Frankenberger's SMR model (Frankenberger, 1996) . These were recalibrated by introducing adjustment factors for two soil types (stony and silt loam). The spatial distributions of saturated overland flow areas for several storm events were modeled and displayed with GRASS. The calculated overland flow areas occurred around the areas of the main stream that had high initial soil moisture contents. Temporal variation in those areas showed that the overland/subsurface flows attenuate and cause lag in stream flows. Finally, spatial testing was conducted by changing grid resolution to 20, 30, and 40 m. The model behavior was sensitive to DEM grid resolution. Increasing the grid element size deteriorated the slope distribution and lost the boundary information. This required parameter adjustment of saturated hydraulic conductivity and initial soil moisture adjustment ratio to obtain reasonable results.
